We report the piezoelectric properties of ZnO nanowires (NWs) 
Introduction
Over the last decade, nanotechnology has changed and raised the level of human life style with the development of a wide range of nanoscaled applications. The functionality of these nanodevices is totally dependent on its powering, which is becoming a critical bottleneck. Intensive research has been focused on finding the best way to provide a very promising, efficient and cost-effective power source and make the possibility to widespread practical use of these nanodevices [1] [2] . Numerous piezoelectric-based nanogenerators, such as ZnO, InN, and CdS nanowires have been already explored as possible sources for converting mechanical energy into power [3] [4] .
Zinc oxide (ZnO), a direct wide bandgap compound, is widely exploited and extensively used as a piezoelectric material because, comparing with similar II-VI tetrahedrally bonded wurtzite compound semiconductors like ZnS, CdS, and CdSe, it has at least double the piezoresponse [5] [6] . The structure of ZnO consists of alternating planes in which each atom is tetrahedrally coordinated, with the O 2-and Zn 2+ ions stacked alternatively along the c-axis, and the center of gravity of the charges is at the center of the tetrahedron where positive and negative charges cancel each other. The lack of center of symmetry combined with the large electromechanical coupling results in a strong piezoelectric response [3, 7] . The piezoelectric properties of ZnO, extensively studied in theoretical [8] [9] and experimental works [5, 10] , are exploited in a wide spectrum of applications like transducers, sensors, and actuators ( [11] [12] [13] [14] and references therein).
Zinc oxide presents various types of one dimensional (1D) nanostructures including nanowires (NWs), nanorods (NRs), nanobelts (NBs), and nanotubes, which can be synthesized under specific growth conditions, as has been recently reviewed by Wang [7] and
Niederberger [15] . Theoretical calculations have shown that ZnO piezoelectricity in 1D
nanostructures is preserved with a possibility of enhanced performance due to the free boundary for volume expansion/contraction [7, 16] , with direct implications in the development of novel practical applications like flexible piezoelectric NRs strain sensors [17] [18] , piezoelectric NW FETs [19] , and the use of ZnO NW arrays for the nanoscale conversion from mechanical to electric energy [1] .
The techniques for piezoelectric characterization of thin films and nanostructured materials fall into two categories: measuring small surface displacements generated by an applied electric field (converse piezoelectricity), and measuring a charge or voltage generated by an applied force on the sample (direct piezoelectricity). The most common method for characterization of converse piezoelectricity in nanostructures usually involves the use of piezoresponse force microscopy (PFM) [16] . This method is based on the detection of the induced displacement (often in the picometer range) by a local electric field applied to a conductive tip in an atomic force microscope (AFM). PFM has been used to characterize 1D
ZnO nanostructures like NWs [1] , NBs [20] , and NRs [10] . The measurement of direct piezoelectricity in nanostructures involves tensile loading or lateral bending of the material with simultaneous measurement of generated charge or electric potential. In the literature, the direct piezoelectric measurement of 1D ZnO nanostructures has only been presented in the context of piezoelectric nanogenerators [1, 21] .
In this study, we report for the first time the use of a nanoindenter to measure direct and converse piezoelectricity of high-quality ZnO NWs grown on paper substrates. The microstructural and morphological properties of the NWs, measured by scanning electron microscopy, X-ray diffraction, and high-resolution transmission electron microscopy, are correlated to the piezoelectrical properties. substrates were then placed in the solution and were heated at 90 °C for 5 h. After the growth, the samples were rinsed with DI water to remove by excess salt on the surface, and then the samples were blown dry with nitrogen.
Experimental details
The surface morphology and dimensions of the resulting ZnO NWs were observed by scanning electron microscopy (SEM) in a Zeiss Leo 1550 instrument operating at 12 keV.
The crystal structure and phase identification of the NRs were characterized by using X-ray diffraction (XRD) with Cu Kα radiation operating at 40 keV and 100 mA. The NWs were also investigated by transmission electron microscopy (TEM) in a FEI Tecnai G2 TF20 UT with a field emission gun operated at 200 kV and a point resolution of 0.19 nm. ZnO NWs were scratched off the substrate followed by ultrasonication in ethanol in order to disperse them.
Drops of the liquid containing ZnO NWs were deposited on standard carbon-coated grids.
Nanoindentation with in-situ electrical characterization was used to characterize the nanoscale electromechanical properties of the piezoelectric ZnO NWs. Testing was performed using a Triboindenter TI-950 (Hysitron), which was adapted to perform piezoelectrical measurements using a conductive boron-doped diamond Berkovich tip with a resistivity of ~3 Ω-cm. During all the piezoelectric measurements, the samples remained at constant room temperature. for bulk hexagonal ZnO [6, 25] . No diffraction peaks of Zn or other impurities have been detected in the samples. The relatively enhanced intensity and sharp dominant peak at 34.40 degrees corresponding to the (002) peak indicates that the nanowires are highly c-axis oriented and normal to the paper substrate surface [26] . The small peak between the (101) and (002) reflections can be related to a shift of the (002) peak probably due to stresses generated in a folded part of the paper substrate.
Results and discussion

Microstructure and Morphology
TEM analysis shows that the ZnO NWs have a single-crystalline structure and the axial direction is along the [0001] as shown in Figure 3 (a). The corresponding selected area electron diffraction (SAED) pattern in Figure 3 (b) indicates that the ZnO NW has a singlecrystal hexagonal wurtzite structure. Figure 3 (c) presents a high-resolution TEM image taken from the top part of a ZnO NW. It can be clearly seen that the ZnO crystal lattices are well oriented with the lattice spacing of 0.52 nm, which corresponds to the distance of (0001) lattice planes, showing that the [0001] is the preferred growth direction for the ZnO NWs.
Converse Piezoelectric Effect
Converse piezoelectric tests were performed by nanoindentation testing using the configuration shown in Figure 4 . The converse piezoelectric effect is measured by applying a DC voltage in the range 0 to -40 V while there is a low applied force to the sample of 50 µN, enough to allow the tip to be always in physical contact with the ZnO nanowires. This approach is similar to the method previously suggested by Rar et al for polycrystalline lead zirconate titanate (PZT) and BaTiO 3 piezoceramics [28] , .ut in our case the applied voltage is DC instead of AC. Figure 5 shows the load-displacement curve for the nanoindentation of NWs deposited on paper substrate. It is possible to observe that with a maximum load of 50 µN, the NW column is in stable equilibrium in the straight position, i.e., there is no buckling [29] [30] . The experiment also shows that, during the time that the nanoindenter applies the maximum force, the curves present a creep of 35 nm. A similar creep behavior has been previously reported for ZnO nanorods [24] . 
where s 11 , s 12 , and s 13 are the mechanical compliances of the piezoelectric NW. In our experiments we have not measured the compliance coefficients s ij but we have found that 
Direct Piezoelectric Effect
Conclusions
The direct and converse piezoelectric properties of highly c-axis oriented ZnO nanowires grown normal to a paper substrate by low temperature ACG method were measured for the first time by a nanoindentation technique. The converse piezoelectric effect was measured by applying a DC voltage to the sample while there was a low (50 µN) applied force to the sample. The direct piezoelectric effect was measured by performing nanoindentations under load control, and the generated piezoelectric voltage was characterized as a function of the applied loads in the range 0.2-6 mN.
When the nanoindenter is used to measure the converse piezoelectric effect, the NWs grown on paper substrate show an effective piezoelectric coefficient d 
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